The present study was designed to examine the mechanism involved in mitochondrial aldehyde dehydrogenase (ALDH2)-induced cardioprotection against ischaemia/reperfusion (I/R) injury with a focus on autophagy.
Introduction
The mitochondrial isoform of aldehyde dehydrogenase (ALDH2) plays a key role in the metabolism of acetaldehyde and other toxic aldehydes. 1 Evidence from our laboratory and others has revealed a beneficial role of ALDH2 against alcohol, acetaldehyde and toxic aldehyde-induced reactive oxygen species (ROS) formation, and tissue injury. 2 -4 More recent seminal finding by Chen et al. 5 has indicated a potential role of ALDH2 activation in the cardioprotection against ischaemia injury. Nonetheless, neither the feasibility of ALDH2 activation nor the mechanisms behind ALDH2-offered cardioprotection against ischaemic injury has been defined. Recent observation has indicated that ethanol treatment prior to ischaemia may enhance ALDH2 activity and retard formation of 4-hydroxy-2-nonenal (4-HNE)-protein adducts. 6 4-HNE, a specific electrophilic reactive aldehyde, is capable of modifying key enzymes by forming protein adducts to inhibit protein function. 7 Kinase function is often disrupted by 4-HNE due to its reactivity with amino acids including cysteine, histidine, and lysine. Interestingly, 4-HNE may be produced as a result of ischaemia/reperfusion (I/R) insult in various tissues including hearts. 8 4-HNE imposes severe myocardial toxicity encompassing from disturbed coronary flow 9 to impaired cardiac contractility. 10, 11 Recent findings suggest that elevated HNE content may modify essential cardiac survival signalling molecules including AMPdependent protein kinase (AMPK) 12 and Akt. 13 Given the elevated cardiac 4-HNE in ischaemia and reperfusion along with its detrimental role in the heart, 8, 10, 11 it is plausible to speculate a possible action of ALDH2 against I/R injury through the detoxification of the toxic aldehyde. Autophagy, an evolutionarily conserved process of lysosomedependent turnover of damaged proteins and organelles, is present in normal hearts and may be upregulated in response to stress and cardiovascular anomalies such as heart failure and ischaemic injury. 14 Autophagy is critical to cell survival, the interruption of which may initiate severe ventricular dysfunction and cardiomyopathy. 15 Autophagy is believed to exert a beneficial role in I/R as rapamycin, a potent inducer of autophagy, reduces infarct size, and improves functional recovery in ischaemic murine hearts. 16, 17 Paradoxically, autophagy has been shown to be both the cause and consequence of cardiac cell death. Autophagy is upregulated during myocardial ischaemia and is further enhanced during reperfusion. 18, 19 Despite the seemingly cardioprotective role of autophagy during ischaemia, the jury is still out with regard to the possible harmful effect of autophagy during reperfusion. 14, 20 Moreover, the signalling mechanism(s) behind autophagy appear(s) to be rather complicated. Several lines of evidence have indicated a pivotal role of the mammalian target of rapamycin (mTOR) in autophagy such that autophagy may be negatively regulated by mTOR through the phosphorylation of its downstream targets such as p70 s6k . 21, 22 Other evidence suggested that glucose deprivation during I/R triggers autophagy via the activation of AMPK and the inhibition of mTOR in cardiomyocytes. 20 In addition, the PI3K-Akt pathway has been indicated to play a critical role in autophagy. 23, 24 Interestingly, mTOR can be activated by Akt although it is inhibited by AMPK via the phosphorylation of tuberous sclerosis complex 2 (TSC2). 25, 26 Hence, the AMPK and Akt pair may quarterback a series of post-transcriptional processes such as cardiac hypertrophy and adaptation to stress at the convergence of mTOR. Nevertheless, the precise role of AMPK/Akt/mTOR pathway in the regulation of autophagy in myocardial ischaemia and reperfusion is unclear. Therefore, the aim of this study was to examine (i) whether ALDH2 protects against myocardial I/R injury through detoxification of 4-HNE; (ii) whether autophagy is involved in ALDH2-elicited cardioprotective effect, if any; and (iii) the signalling mechanism(s) behind ALDH2 and/or autophagy-induced myocardial response during I/R with a focus on the AMPK-and Akt-mTOR signalling cascades.
Methods Experimental animals and ALDH2 activity
All animal procedures were approved by our Institutional Animal Care and Use Committee (University of Wyoming). Production of ALDH2 transgenic mice using the chicken b-actin promoter was described previously.
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ALDH2 knockout (KO) mice were obtained from Dr T. Kawamoto from the University of Occupational and Environmental Health (Kitakyushu, Japan). All mice were housed in a temperature-controlled room under a 12/12 h-light/dark circadian cycle with access to water and food ad libitum. Four-to-six-month-old adult male wild-type (WT), ALDH2, and ALDH KO mice were used. To validate the ALDH2 gene expression, ALDH2 activity was measured in 33 mmol/L sodium pyrophosphate containing 0.8 mmol/L NAD + , 15 mmol/L propionaldehyde, and 0.1 mL protein extract. Propionaldehyde, the substrate of ALDH2, was oxidized in propionic acid, whereas NAD + was reduced to NADH to estimate ALDH2 activity. NADH was determined by spectrophotometric absorbance at 340 nm. ALDH2 activity was expressed as nmol NADH/min per mg protein. 3 
Echocardiographic evaluation
Cardiac geometry and function were evaluated using a 2-D guided M-mode echocardiography equipped with a 15-6 MHz linear transducer. Anterior and posterior wall thicknesses and diastolic and systolic left ventricular (LV) dimensions were recorded from M-mode images using the method adopted by the American Society of Echocardiography. Fractional shortening was calculated from end-diastolic diameter (EDD) and end-systolic diameter (ESD) using the equation of (EDD 2 ESD)/EDD.
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In vivo regional ischaemia and experimental myocardial infarction
Mice were anaesthetized, intubated, and ventilated with oxygen (Rodent Ventilator, Harvard Apparatus, Millis, MA, USA). The core temperature was maintained at 378C with a heating pad. After left lateral thoracotomy, the left anterior descending artery (LAD) was occluded for 20 min with an 8-0 nylon suture and polyethylene tubing to prevent arterial injury, prior to a 4 h reperfusion. Electrocardiogram confirmed ischaemic repolarization changes (ST-segment elevation) during coronary occlusion. The hearts were then excised and stained to delineate the extent of myocardial necrosis as a percentage of non-perfused ischaemic area at risk. 28 Viable tissue in ischaemic region was red-stained by 2,3,5-triphenyltetrazolium, and the nonischaemic region was blue-stained with Evan's blue. Hearts were fixed and sectioned into 1 mm slices, photographed using a Leica microscope, and analysed using NIH Image software.
Mouse heart perfusion
Mouse hearts were retrogradely perfused with a Krebs-Henseleit buffer containing 7 mmol/L glucose, 0.4 mmol/L oleate, 1% BSA, and a low fasting concentration of insulin (10 mU/mL). Hearts were perfused at a constant flow of 4 mL/min (equal to an aortic pressure of 80 cmH 2 O) at baseline for 60 min. A fluid-filled latex balloon connected to a solid-state pressure transducer was inserted into the left ventricle through a left atriotomy to measure pressure. Left ventricular developed pressure (LVDP), the first derivative of LVDP (+dP/dt), and heart rate were recorded using a digital acquisition system at a balloon volume which resulted in a baseline LV end-diastolic pressure of 5 mmHg. 29 
Cardiomyocyte isolation and mechanics
Mouse cardiomyocytes were isolated using Librase as described. 27 Myocyte yield was 75%, which was not affected by ALDH2 overexpression or KO. Only rod-shaped cells with clear edges were selected for mechanical study. Mechanical properties of myocytes were assessed using an IonOptix TM soft-edge system. 27 Cell shortening and relengthening were assessed using the following indices: peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR 90 ), and maximal velocities of shortening/relengthening (+dL/dt). For in vitro study, cardiomyocytes were incubated with 20 mmol/L 4-HNE for 50 min. 13 
Cell viability MTT assay
The assay is based on the transformation of the tetrazolium salt MTT by active mitochondria to an insoluble formazan salt. Cardiomyocytes from WT and ALDH2 mice were treated with the autophagy inhibitor 3-methyladenine (3-MA, 10 mmol/L), the autophagy inducer rapamycin (100 nmol/L), or vehicle for 5 min at 378C before a 20 min exposure to hypoxia (95% nitrogen/5% CO 2 ) followed with or without a 30 min reoxygenation (room air/5% CO 2 ). The cells were plated in microtitre plate at a density of 3 × 10 5 cells/mL. MTT was added to each well with a final concentration of 0.5 mg/mL, and the plates were incubated for another 2 h at 378C. Formazan was quantified spectroscopically at 560 nm using a SpectraMax w 190 spectrophotometer. 30 
Western blotting analysis
Membrane proteins were separated on SDS -polyacrylamide gels and were transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% milk and incubated overnight with anti-
anti-p-PTEN (Ser380), and anti-PTEN antibodies (Cell Signaling, Beverly, MA, USA, 1:1000). HNE-protein adducts were determined as described. 6, 8 A specific antibody against the reductively stabilized HNE amino acid adducts was used (Calbiochem, Gibbstown, NJ, USA; 1:1000). No single protein was selected for HNE analysis. Rather, the density in each lane was assessed as a whole for the integrated density (all different protein adducts formed) within that lane. 8 The antigens were detected by the luminescence method. 27 
Carbonyl formation
Samples were resuspended in 10 mmol/L 2,4-dinitrophenylhydrazine solution for 30 min at room temperature before 20% trichloroacetic acid was added. Samples were centrifuged and the precipitate was resuspended in 6 mol/L guanidine solution. Maximum absorbance (360-390 nm) was read against appropriate blanks and carbonyl content was calculated using the formula: absorption at 360 nm × 45.45 nmol/protein content (mg). 27 
Statistical analysis
A total of 11 -12 mice were used for each of the WT, ALDH2 overexpression, and KO groups although only 4 -6 mice per group were studied for each parameter measured. Data were mean + SEM. Statistical significance (P , 0.05, two-side) was estimated by one-way analysis of variance (ANOVA) (two-way ANOVA for mouse heart perfusion study) followed by Tukey's test for post hoc analysis (GraphPad4.0, GraphPad Software, La Jolla, CA, USA).
Results
General feature and cardiac phenotype of wild-type, ALDH2 overexpression, and ALDH2 knockout mice
Neither overexpression nor KO of ALDH2 affected body and organ weights or the organ-to-body weight ratio. Echocardiographic assessment revealed comparable heart rate, wall thickness, EDD, ESD, normalized LV mass, and fractional shortening among the WT, ALDH2 overexpression, and KO mice (Supplementary material online, Table S1 ). Both protein expression and enzymatic activity were significantly increased and decreased, respectively, in ALDH2 overexpression and KO mouse hearts ( Figure 1 ).
Effect of ALDH2 overexpression and knockout on myocardial ischaemia/ reperfusion injury and post-ischaemic left ventricular function
To evaluate the effect of ALDH2 on myocardial I/R injury, myocardial infarct size was examined in WT, ALDH2 overexpression, and KO mouse hearts following in vivo regional I/R (20 min coronary artery ligation, followed by a 4 h reperfusion). Our data revealed that the infarct size following I/R was significantly reduced and enlarged, respectively, in ALDH2 and KO hearts ( Figure 2A ). Echocardiographic results depicted significantly suppressed fractional shortening in WT mice following I/R, the effect of which was ablated and accentuated by ALDH2 overexpression and KO, Figure 1 Validation of ALDH2 transgenic overexpression and knockout (KO). Myocardial ALDH2 protein expression and enzymatic activity were evaluated using western blot analysis and spectrophotometry in wild-type (WT), ALDH2 overexpression, and ALDH2 knockout mice. (A) ALDH2 expression with representative gel blots of ALDH2 and GAPDH (loading control); (B) ALDH2 enzymatic activity; mean + SEM, n ¼ 5-6 per group, *P , 0.05 vs. WT group.
ALDH2 and myocardial ischaemia/reperfusion respectively ( Figure 2B) . Consistently, the post-ischaemic LV contractile function following in vitro ischaemia (20 min) and reperfusion (30 min) was greatly improved and exacerbated by ALDH2 overexpression and KO, respectively, as assessed by the heart rate-LV pressure product ( Figure 2C ) or maximal LV pressure development (+dP/dt) ( Figure 2D ) using the Langendorff perfusion system.
Effect of ALDH2 on hypoxia/ reoxygenation-induced cardiomyocyte contractile dysfunction
We went on to examine the effect of ALDH2 overexpression and KO on hypoxia and reoxygenation (H/R)-elicited cardiomyocyte contractile response. Hypoxia (20 min) alone triggered an overt contractile dysfunction manifested as depressed PS and maximal velocity of shortening/relengthening (+dL/dt), as well as prolonged TR 90 in WT murine cardiomyocytes. In line with their effects on myocardial I/R injury, ALDH2 overexpression significantly alleviated, whereas ALDH2 KO accentuated hypoxia-induced cardiomyocyte contractile dysfunction. Our data also revealed a further decline in cardiomyocyte contractile function following posthypoxic reoxygenation (30 min). Similar to the effect under hypoxic condition, ALDH2 overexpression and KO significantly attenuated and exacerbated the H/R-elicited cardiomyocyte mechanical defects ( Figure 3 ).
Differential autophagy effect in cell survival under hypoxia or hypoxia/ reoxygenation
Autophagy has been shown to possess distinct roles during ischaemia and reperfusion. 31 To evaluate whether autophagy plays a role in ALDH2-induced myocardial response, cardiomyocytes from WT and ALDH2 overexpression mice were subjected to a 20 min hypoxia followed with or without a 30 min reoxygenation (H/R) in the presence or absence of the autophagy inhibitor 3-MA or the autophagy inducer rapamycin. Hypoxia significantly decreased the cell viability, the effect of which was attenuated by ALDH2. 3-MA significantly enhanced hypoxia-induced ALDH2 and myocardial ischaemia/reperfusion cardiomyocyte death while mitigating the protective role of ALDH2. On the other hand, rapamycin effectively rescued hypoxia-induced cell death in a manner reminiscent to ALDH2 ( Figure 4A ). Our data further revealed that H/R greatly lessened cell survival although with a less pronounced effect in the ALDH2 group. Interestingly, 3-MA significantly attenuated H/ R-elicited cell death in a manner similar to ALDH2, whereas rapamycin greatly accentuated H/R-induced cell death in both WT and ALDH2 groups ( Figure 4B ). These data suggest a likely paradoxical role of autophagy in ALDH2-induced cardioprotection under hypoxia and H/R.
Role of AMP-dependent protein kinase and Akt activation in ALDH2-elicited response in ischaemia and ischaemia/ reperfusion
To examine the potential mechanism(s) behind ALDH2-elicited cardioprotection against ischaemia or I/R, key cardiac surviving factors AMPK and Akt were evaluated. Our data revealed that ischaemia markedly increased AMPK phosphorylation in WT mice, the effect of which was markedly augmented by ALDH2 overexpression. Furthermore, during the reperfusion phase after a 20 min ischaemia, AMPK phosphorylation was rapidly declined to basal levels in both WT and ALDH2 groups ( Figure 5A ). Following ischaemia, Akt activation was comparable between WT and ALDH2 groups. However, during the reperfusion phase, Akt phosphorylation was markedly elevated in both WT and ALDH2 overexpression groups, with a further increase in ALDH2 mice ( Figure 5B ).
Signalling mechanisms involved in autophagy during ischaemia and ischaemia/reperfusion
Mammalian target of rapamycin is a critical mediator of autophagy under the positive control of Akt, 22 whereas the activation of AMPK has been shown to phosphorylate TSC2 to inhibit mTOR. 25 Activation of AMPK, Akt, and mTOR was assessed along with autophagy under ischaemia and I/R. Our result depicted a significant concurrent increase in LC3-II/LC3-I ratio (autophagy) and p-AMPK under ischaemia in WT and ALDH2 overexpression mice, with a more pronounced effect in the ALDH2 group. The rise in autophagy and p-AMPK coincided with a decline in the phosphorylation of mTOR (Ser
2481
) and Thr 389 phosphorylation of p70 s6k , a downstream target of mTOR, the effect of which was more pronounced in ALDH2 mice ( Figure 6A , C -F ). In addition, compound C (10 mmol/L), an AMPK inhibitor, markedly attenuated the ALDH2-induced increase in LC3-II/LC3-I ratio in response to hypoxia ( Figure 6G ). Our further experiment revealed a significant increase in autophagy (LC3-II/LC3-I ratio) and p-Akt during I/R in WT and ALDH2 groups. Interestingly, ALDH2 significantly increased I/R-induced Akt activation while dampening I/ R-induced rise in autophagy. Changes in autophagy and p-Akt coincided with the increase in the phosphorylation of mTOR and p70 s6k during I/R, with a much greater response in ALDH2 mice ( Figure 6B , H-K ). Wortmannin (100 nmol/L), an Akt inhibitor, markedly restored the ALDH2-induced drop in LC3-II/LC3-I ratio following reoxygenation ( Figure 6L ). These findings suggest a likely disparate role of autophagy in the ALDH2-offered cardioprotection against ischaemia and I/R involving AMPK-mTOR and Akt-mTOR signalling, respectively.
Effect of ALDH2 on ischaemia and ischaemia/reperfusion-induced 4-HNE-protein adduct content in the hearts
Considering the key role of 4-HNE in ischaemic cardiac injury, 8 we examined the effect of ALDH2 on in vivo ischaemia and I/R-induced 4-HNE-protein adduct content in the heart. Although the levels of 4-HNE-protein adduct were low in sham condition, cardiac 4-HNE-protein adduct formation was significantly increased in response to ischaemia and remained elevated during reperfusion. Although ALDH2 overexpression itself exhibited little effect in the sham group, it significantly depressed ischaemia and I/R-induced rise in 4-HNE-protein adduct content ( Figure 7A ).
To the contrary, ALDH2 KO further accentuated the rise in 4-HNE-protein adduct content under ischaemia and I/R conditions. In addition, ALDH2 KO itself enhanced the HNE-protein adduct formation. Further evaluation of AMPK and Akt phosphorylation revealed that both p-AMPK and p-Akt were augmented and attenuated, respectively, by ALDH2 overexpression and KO under ischaemia and I/R ( Figure 7C and D).
4-HNE-induced mechanical and cell signalling response
Our data depicted a cardioprotective effect of ALDH2 possibly via the detoxification of toxic aldehyde. To further consolidate the role of 4-HNE in ALDH2-elicited cardioprotection against ischaemia-reperfusion, the 4-HNE-exerted mechanical response was evaluated in cardiomyocytes from WT and ALDH2 overexpression mice. Treatment of 4-HNE (20 mmol/L) for 50 min 13, 32 significantly compromised cardiomyocyte mechanical function manifested as reduced PS and +dL/dt with normal TPS and TR 90 in the WT group, the effect of which was significantly attenuated by ALDH2 overexpression (Figure 8 ). Evaluation of protein carbonyl formation, an indicative of 4-NHE-elicited protein oxidation and damage, revealed enhanced protein carbonyl formation in response to 4-HNE exposure which was significantly attenuated by ALDH2 overexpression ( Figure 9A ). 4-HNE may inhibit the activity of AMPK 12 and Akt, 13 and is capable of modifying the LKB1/AMPK/mTOR pathway. 12 LKB1 is also known to inactivate phosphatase and tensin homolog deleted on chromosome 10 (PTEN) through phosphorylation. 33 Given the important roles of LKB1 and PTEN in the regulation of AMPK and Akt, 34, 35 the effect of 4-HNE on LKB1 and PTEN (pan and phosphorylated) was evaluated in cardiomyocytes from WT mice. Our data revealed that 4-HNE significantly decreased the levels of both pan and phosphorylated (absolute and ratio) LKB1 and PTEN (Figure 9) , suggesting a role of LKB1 and PTEN signalling in 4-HNE-induced inhibition of AMPK and Akt activity.
Discussion
The ALDH2 enzyme was recently demonstrated to retard ischaemic injury in the hearts. 5 Findings from this study provided compelling evidence, for the first time, that ALDH2 protects against myocardial I/R injury through a paradoxical regulation of autophagy during ischaemia and reperfusion phases. Our study further depicted a possible role of AMPK activation and mTOR inhibition in autophagy induction en route to the beneficial effect of ALDH2 during ischaemia. To the contrary, data from our study favoured activation of Akt and mTOR in reduced autophagy en route to the beneficial action of ALDH2 during reperfusion when AMPK is no longer active. The concerted action between AMPK and Akt at the converging point of mTOR seems to play a pivotal role in cell survival and myocardial function. Moreover, our results depicted that ALDH2 significantly inhibited the I/R-induced cytotoxic 4-HNE formation, protein damage, and 4-HNE-induced cardiomyocyte dysfunction while 4-HNE compromised the LKB1 and PTEN signalling. These regulatory mechanisms of ALDH2 on AMPK and Akt as well as the upstream (LKB1 and PTEN) signalling may be dependent on the detoxification of 4-HNE (Supplementary material online, protein adducts formation evaluated with immunoblotting in hearts from wild-type (WT) and ALDH2 overexpression mice subjected to ischaemia or ischaemia/reperfusion (I/R). Inset: Representative gel blots depicting HNE-protein adducts formation. Molecular protein standards are shown on the left. The density of staining in each lane was assessed as a whole to generate a single value of the integrated density of all HNEprotein adducts formed within that lane; (B) HNE-protein adducts formation in hearts from WT and ALDH2 KO mice using immunoblotting; (C) In vivo regional ischaemia (20 min)-stimulated differential phosphorylation of AMPK in WT, ALDH2 overexpression, and ALDH2 KO mouse hearts. Inset: Representative gel blots depicting total and phosphorylation AMPK; and (D) in vivo regional ischaemia (20 min)/reperfusion (30 min)-stimulated differential phosphorylation of Akt in WT, ALDH2 overexpression, and ALDH2 KO mouse hearts. Inset: Representative gel blots depicting total and phosphorylation Akt. Mean + SEM, n ¼ 6-8, *P , 0.05 vs. sham or WT group under basal condition, #P , 0.05 vs. corresponding WT or ALDH2 group under ischaemia or I/R condition. ALDH2 and myocardial ischaemia/reperfusion Scheme 1). Taken together, these findings should shed some light towards a better understanding of a protective role of ALDH2 against myocardial ischaemia-reperfusion injury.
Our earlier studies have demonstrated that ALDH2 alleviates acetaldehyde and alcohol-induced myocardial injury. 3, 27 Nonetheless, little information is available with regard to the effect of ALDH2 on ischaemia and reperfusion in hearts. Data from our present study have provided compelling evidence that ALDH2 is capable of counteracting I/R injury and post-I/R or -ischaemic LV contractile dysfunction, at both whole-heart and cardiomyocyte levels. This is also substantiated by the accentuated I/R or H/R-myocardial injury under ALDH2 KO condition. These data convincingly support the notion that an increase in ALDH2 expression and/or activity may serve as a novel therapeutic remedy in the management against ischaemic heart diseases. Ethanol treatment prior to ischaemia has been shown to enhance ALDH2 activity, 6 representing a possible protective mechanism of ALDH2. Enhanced myocardial autophagy is present in a wide array of cardiovascular diseases, 36 although the role of autophagy in the regulation of cardiovascular function has not been clearly defined. Data from our study provided direct evidence that ALDH2 overexpression moderates upregulated autophagy in the ischaemia phase and lessened autophagy in the reperfusion phase. A combination of these actions appears to be responsible for the ultimate cardioprotective effect of ALDH2 against I/R injury. Decker et al. 37 found that a 40 min ischaemia may result in an increased number of autophagosomes, which was further elevated during reperfusion in Langendorff-perfused rabbit hearts. Along the same line, myocardial adaptation to ischaemia by repeated brief episodes of I/R ALDH2 and myocardial ischaemia/reperfusion prior to lethal I/R was found to upregulate the autophagosomal membrane-specific proteins LC3-II and Beclin-1. 38 These in vivo and in vitro observations suggest that autophagy is an essential mediator in cell survival in response to I/R and H/R. In our hand, induction of autophagy with rapamycin promotes cardiomyocyte survival during hypoxia, reminiscent of the cardioprotection of ALDH2. However, inhibition of autophagy using 3-MA improves cell survival under reoxygenation. Interestingly, 3-MA and rapamycin mitigate ALDH2-offered cytoprotection under hypoxia and H/ R, respectively, indicating a paradox role of autophagy under ischaemia and I/R. An ample of evidence supported the prosurvival effect of autophagy during I/R. 19 Consistently, agents capable of inducing autophagy have been found to be cardioprotective, such as rapamycin 39 and statins. 40 Paradoxically, autophagy has also been associated with cell death during I/R. Using the beclin1 heterozygous KO (beclin 1 +/2 ) mice, Matsui et al. 20 found reduced autophagy during reperfusion, accompanied by significantly lessened infarct size and apoptosis. Inhibition of autophagy with the downregulation of Beclin 1 or 3-MA was reported to retard cardiomyocyte cell death following simulated I/R, 41 consistent with our finding. Thus, although ischaemia-induced autophagy in cardiomyocytes may be generally protective, it may be switched into a detrimental role during the reperfusion phase.
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Up-to-date, a number of signalling molecules are speculated to serve as the upstream initiators of autophagy during I/R. Several lines of evidence have depicted a critical role for mTOR in the regulation of autophagy. Mammalian target of rapamycin as an important negative regulator of autophagy is regulated by several kinases including AMPK and Akt via TSC1/2. In the heart, both AMPK and Akt are deemed key regulators of myocardial function. 42, 43 Nonetheless, potential cross-talk between the two under physiological or pathophysiological state is unclear. It was shown that mTOR is activated by Akt, whereas it is inhibited by AMPK via the phosphorylation of TSC2. 25, 26 The convergence of the two at the level of mTOR may serve as a critical avenue for the cross-talk between Akt and AMPK during pathophysiological adaptation. Data from our study revealed that AMPK and Akt possess apparently different active windows during I/R. In ischaemia, ALDH2 activates AMPK to inhibit mTOR, favouring autophagy. When AMPK is no longer active during reperfusion, Akt phosphorylation is kicked on to activate mTOR, resulting in an Akt-dependent inhibition of autophagy. These observations suggest that ALDH2 may upregulate autophagy in ischaemia while inhibiting autophagy during reperfusion. Such dual regulatory autophagy paradox may underscore the homeostatic machinery for ALDH2-elicited cardiac benefits against I/R injury. It is worth mentioning that other mechanisms should not be ruled out at this time. Reactive oxygen species may mediate autophagosome formation through oxidative modification. 44 In addition, ALDH2 is capable of activating nitrates inside mitochondria to exert cytoprotective effect. 2 Our data demonstrated a key role of 4-HNE detoxification in ALDH2-elicited responses in cardiac function, the activity of AMPK and Akt. There is a plethora of evidence indicating a detrimental role of the lipid peroxidation product in cardiac injury in ischaemia and reperfusion. 4-HNE was reported to inhibit glycolytic enzyme activity during ischaemia and reperfusion. 45 4-HNE, via adduct formation with COX subunits, interrupts mitochondrial function during reperfusion. 46 Our data provided direct evidence that in vivo ischaemia and reperfusion significantly increased 4-HNE-protein adduct content, which was restored to near-basal levels in murine hearts with ALDH2 overexpression. Our further results revealed that ALDH2 attenuated 4-HNE exposure-induced cardiomyocyte contractile dysfunction. Consistently, cardiac 4-HNE-protein adduct content was accentuated in response to I/R in the ALDH2 KO group. These findings are in line with the report that elevated ALDH2 enzymatic activity may retard the formation of 4-HNE-protein adducts. 6 Moreover, ischaemia-induced AMPK activation was overtly enhanced by ALDH2 overexpression, whereas it was decreased in KO hearts. Likewise, reperfusion-induced Akt activation was enhanced by ALDH2 overexpression although it was attenuated in KO hearts. Given the correlative findings among HNE content, 4--HNE-induced cardiomyocyte mechanical defect, and ischaemiareperfusion injury in WT and ALDH2 overexpression mice, our findings suggest a role of cytotoxic aldehyde detoxification in ALDH2-offered beneficial effects against interrupted AMPK and Akt signalling as well as compromised myocardial dysfunction under I/R. HNE has been shown to inhibit AMPK 12 and Akt 13 activity, consistent with our findings of downregulated pan and phosphorylated LKB1 with 4-NHE exposure in murine cardiomyocytes. Our results demonstrated that 4-HNE led to a significant reduction in pan and phosphorylated PTEN in cardiomyocytes. PTEN is the main phosphatase serving as a negative regulator of the PI3K/Akt and is inactivated through phosphorylation.
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LKB1 may also phosphorylate PTEN. 33, 34 Detoxification of 4-HNE with ALDH2 should remove the suppression of 4-HNE on LKB1/PTEN-mediated AMPK and Akt signalling, thus preserving the critical kinase activity in I/R. It is worth mentioning that 4-HNE may impair cardiac contractile function through other cell signalling cascades such as HNE metabolism and MAP kinase activation.
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In summary, our data have demonstrated an essential role of ALDH2 in cardioprotection against myocardial I/R injury, possibly through an AMPK-dependent induction of autophagy during ischaemia and a paradoxical Akt-dependent reduction in autophagy during reperfusion. Our evidence favours a role of detoxification of toxic aldehyde in ALDH2-elicited regulation of AMPK and Akt pathway, possibly via LKB1 and PTEN signalling. These data suggest not only the therapeutic potential of ALDH2 against I/R injury but also a pivotal role of the AMPK-Akt-mTOR signalling cascade in autophagy regulation in the maintenance of cardiomyocyte survival homeostasis. It should be mentioned that one major limitation of our study is the relatively low sample size per group, although more large-scale studies are in need to fully unveil the important cardioprotective property and the underlying clinical implication of ALDH2. Further studies are warranted to examine the association between ALDH2 gene and cardiovascular risk in human.
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